Abstract-We propose and study a new composite scintillation detector. It is the combined detector for separate detection of fast neutrons and thermal neutrons in the presence of gamma background radiation.
I. INTRODUCTION
ESENTLY we proposed the technology of production of new type of organic scintillation materials those are effective detectors of fast neutrons and have no technological limitation on the area of the input window. They are the organic composite scintillators those contain crystalline grains of stilbene (C 14 H 12 ) or p-terphenyl (C 18 H 14 ), i.e. H-bearing materials [1] . Using the same approach we obtained new composite detectors of thermal neutrons [2] . These composite inorganic scintillators were based on grains of Ce-doped gadolinium silicate (Ce:GSO) or gadolinium pyrosilicate (Ce:GPS) crystals. Gd-bearing materials have a high efficiency of the thermal neutron detection [3] - [5] .
The main aspects of fast neutron detection by H-bearing scintillation materials and thermal neutrons by Gd-bearing ones have been discussed previously [1] , [2] .
In this work we propose and study a new composite scintillation detector. It is the combined detector for separate detection of fast neutrons and thermal neutrons in the presence of gamma background radiation. Fig. 1 Schematic diagram of a combined detector which consists of an organic fast neutron detector and a Gd-bearing thermal neutron detector. Fig. 1 schematically shows two scintillation parts of the combined composite detector as dark yellow and green rectangles respectively. The former scintillation material (green rectangle on Fig. 1 ) is based on stilbene crystalline grains. The grains are introduced in organosilicone gel matrix [1] . This part of the combined composite scintillator detects fast neutrons. A thin inorganic composite detector of thermal neutrons (green rectangle on Fig. 1 ) contains Ce:GPS or Ce:GSO crystalline grains those were introduced in the matrix of the same type as in the previous case. The combined detectors, which consist of composite scintillator and single crystal, are also studied and discussed. It should be noted that in real applications the combined detector has to be used with additional shielding, witness detector or their combination.
II. EXPERIMENTAL
To produce the organic and inorganic composite scintillators we used the procedure described in detail in [1] , [2] .
To obtain the grains needed for the composite scintillators we ground the single crystals. We sieved the grains through calibrated sieves and chose the necessary size fractions, i.e. the grains, which have such a size L that d i < L < d j , where d i and d j is the mesh dimension for the calibrated sieve i and j respectively. In our case (the grains are not spherical) the Lvalues are always estimated. Therefore, when we refer to Lvalues these are the averaged values of the grains
We introduced a chosen fraction of the grains in the transparent to scintillation light the silicone dielectric gel (Sylgard-527, Dow Corning Corporation, USA) and obtained the translucent scintillation material. The polymerization process for Sylgard-527 takes 48 hours. The grains are only fixed by non-luminescent gel composition. The latter mainly fills the voids between the scintillation grains in the composite scintillator. Fig. 2 shows the typical microphotograph of scintillation grains (Ce:GPS grains with L av = 0.08 mm) inside a composite scintillator. The microphotograph was made by polarizing microscope Axioskop 40A. One can see the light areas between more dark grains. These areas are filled by gel composition (Sylgard-527). 3 shows the photographs of the Ce:GPS single crystal and composite detector based on Ce:GPS grains (L av = 0.08 mm). Fig. 3 demonstrates that the single crystal is a transparent material and composite scintillator is a translucent material. Fig. 4 shows the photograph of a stilbene composite detector obtained by the above-described procedure. The combined detectors (see Fig. 1 ) were 25 mm in diameter. The organic composite scintillator was 15 mm high. To make it we used stilbene crystalline grains with sizes L S from 2.5 to 3.0 mm. To detect thermal neutrons with minimal gamma background the single-layer composite material was used. We chose 3 fractions of grains with L GPS from 0.06 to 0.1, from 0.1 to 0.3 and from 0.3 to 0.5 mm. For such L GPS the efficiency of detection of gamma radiations with energies E γ ≤ 150 keV is negligible. Both organic and inorganic composite scintillators were inside a cylindrical plastic cell. The scintillators were separated by additional plastic plate 2 mm thick. Cf) source of fast neutrons was used. To obtain thermal neutrons the source of fast neutrons was placed inside the calibrated paraffin sphere. The lead shielding the 20 mm thick sufficiently reduced the flux of low energy photons of gamma radiation from a neutron source. A thin (0.13 cm) cadmium plate prevented the flux of thermal neutrons to irradiate Gd-bearing scintillators. The difference in neutron fluxes measured with and without the cadmium plate allowed us to identify the events of thermal neutron detection.
In experiments with fast neutrons the paraffin sphere, the cadmium plate and the led were not used. The pulse shape discrimination technique [6] was used to select the signals from the fast neutrons in the presence of gamma background.
To calibrate the energy scale we used a set of gamma lines with the following energies E γ : 17.0 keV ( In addition we estimated the values of scintillation signal from composite scintillators. To calibrate the scale we used a calibrated reference stilbene single crystal that has a low absolute light yield (12,000 photons/MeV) [1] , [2] .
The measurements of scintillation pulse shape were run using a delay coincidence technique (see [7] ). Gamma radiation from a 152 Eu radionuclide source was used to measure a decay time τ of thin Gd-bearing detectors. To study a radioluminescence pulse shape of stilbene detectors we used gamma radionuclide source 137 Cs and radionuclide source 239 Pu of alpha particles.
III. RESULTS AND DISCUSSION

A. Decay Time Measurements
Firstly, to analyze a possibility to separate the scintillation signals from "inorganic" and "organic" parts of the combined detector we studied a scintillation pulse shape for corresponding scintillation materials. Figs. 6-7 demonstrates the radioluminescence pulse shape for a thin Ce:GPS singe crystal and for a single-layer composite detector based on grains of Ce:GPS with L GPS from 0.06 to 0.1 mm. Table 1 summarizes the results of measurements of decay time constant τ for Gd-bearing detectors. A small difference between τ-values obtained for the single crystals and for the corresponding composite detectors may be caused by different concentration of Ce in the reference crystal and the grains used for obtaining the composite detectors. For organic scintillators a radioluminescence pulse shape consists of two components. A fast component of the radioluminescence pulse is formed in the regions of low activation density (photons of gamma radiation, electrons). Ionizing particles with high specific energy losses (recoil protons generated by fast neutrons, alpha particles) form the regions of high activation density. The energy exchange in these regions causes formation of the slow component of the scintillation pulse [7] . (Fig. 8) is equal to 4.1 ns, whereas a rough approximation of the slow component of the radioluminescnce pulse shape by an exponent gives τ ≈ 260 ns (see Fig. 9 ). So, the measurements of the radioluminescence pulse shape of the elements of the combined detector have shown that a decay time constant τ of the fast component of the scintillation pulse of the organic crystalline and composite detectors is about nanoseconds (Fig. 8) . The slow component of the scintillation pulse may be roughly described by a singleexponential function with τ-value about hundreds of nanoseconds (Figs. 9-10 ). Decay time constant τ for Ce:GSO and Ce:GPS scintillators is about tens nanoseconds (Figs. 6-7, Table I ). This time is longer than τ-value of the scintillation pulse fast component and shorter than τ-value of the scintillation pulse slow component of organic scintillation materials. For this reason the standard approach [6] , when a "short" time signal and a "long" time signal are used as a criterion for the separation of the signals of two scintillators doesn't work in this case. It is required another approach for separating the signals for different types of scintillation materials. Figs. 11-12 show the results of measurements of the amplitude spectra of the combined detectors which consist of a stilbene composite detector with grain size L S and a Ce:GPS composite detector with grain size L GPS . The detectors were irradiated by compound fast neutron and gamma radiation from a 23 9Pu-Be source. Recently [8] , it was shown, that stilbene composite detectors could be used in the presence of gamma radiation when effective pulse shape discrimination is necessary.
B. Amplitude Spectra Analysis
Black curve in Fig. 11 shows the total scintillation spectrum of 239 Pu-Be, whereas dark yellow curve shows the recoil protons spectrum obtained by the pulse shape discrimination [6] . Fig. 12 shows the neutron spectrum of the 239 Pu-Be source that is reconstructed from the recoil proton spectrum (see Fig .11 , dark yellow curve). Peaks those are numbered from 1 to 9 correspond to the energies of neutrons 2.0, 3.1, 4.2, 4.9, 6.4, 6.7, 7.3, 7.9, 8.6, and 9.7 MeV [9] - [11] . The bottom Xaxis in Fig. 12 is presented in the energy scale of gamma photons and the top X-axis is calibrated in terms of light yield by the reference stilbene single crystal. Fig. 11 . The amplitude scintillation spectra of the combined detector (stilbene composite scintillator with LS from 2.5 to 3.0 mm and Ce:GPS composite scintillator with LGPS from 0.06 to 0.1 mm) that was excited by fast neutrons and gamma photons of 239 Pu-Be. The black and the dark yellow curves show the scintillation spectra those were obtained with and without pulse shape discrimination, respectively. The procedure, which allows obtaining the spectrum of thermal neutrons by Gd-bearing single crystals and composite detectors on the base of grains of crystals, has been previously reported [2] . Fig. 13 demonstrates the spectrum of thermal neutrons for the combined detector that contains stilbene composite scintillator with L S from 2.5 to 3.0 mm and Ce:GPS composite scintillator with L GPS from 0.06 to 0.1 mm. The bottom X-axis is calibrated in terms of scintillation amplitudes of the Ce:GPS composite scintillator that was excited by gamma radiation with energies E γ
GPS
. The top X-axis is calibrated in terms of the number of scintillation photons. The red lines 1, 2 and 3 show the energy ranges in which the signals from thermal neutrons were studied. The comparison of the values of scintillation amplitudes in the range that is marked by lines 1-3 on Fig. 13 and in the range of the neutron spectrum (see Fig. 12) shows that the signals from thermal and fast neutrons do not overlap. Therefore the analysis of these two spectra can be run in different energy windows. The combined composite detector has no technological limitations on area of it input window [1] , [2] .
IV. CONCLUSIONS 1. Scintillation signals obtained from thermal and fast neutrons can be detected by the combined composite detector in different ranges of light intensities (from 10 2 to 10 3 photons and about 10 4 photons, respectively).A pulse shape discrimination of a stilbene composite scintillator is close to pulse shape discrimination of a stilbene single crystal. 3. The average size of the grains for thermal neutron detector has not to be higher than 0.5 mm, because the background signal growths with grain size increase. The efficiency of detection of gamma photons with energies E γ > 150 keV for the composite scintillators, which were made from the grains with L ≤ 0.1 mm, is negligible. We made our experiments for low background gamma radiation and low fluxes of neutrons. For higher intensities of gamma radiation the witness detector or combination of witness detector and shielding is necessary. The selective detection of thermal neutrons in the presence of background gamma radiation is an important problem and merits careful consideration for each concrete case. The combined composite scintillation detector is a non-hygroscopic, effective detector of thermal and fast neutrons. It has no technological limitation on it shape and on the area of it input window.
